Aims We aimed to determine the influence of the distribution of different broadleaved tree species on soil chemical properties in a mature deciduous forest in Central Germany. 
exchangeable Al 3+ was smallest under ash and highest under beech. The stock of exchangeable Mg 2+ and Ca 2+ correlated positively with the annual input of the respective nutrient from leaf litterfall. Ash leaf litterfall contained highest amounts of Mg and Ca. Beech leaf litterfall showed the highest C:N ratio and lignin: N ratio. Soil pH, stocks of organic C, total N and exchangeable Mg 2+ and Ca 2+ correlated positively with increasing proportions of ash leaf litter to total leaf litterfall. Conclusions Our results indicate that the abundance of ash in beech dominated forests on loess over limestone had a positive effect on soil chemical properties and reduced soil acidification. The intermixture and distribution of ash in beech-dominated stands resulted in an increase of the horizontal and vertical diversity of the soil habitat.
Keywords Broadleaved tree species . Nutrient stocks . Leaf litter . Soil acidification Abbreviations BS% base saturation (%) C org organic carbon N t total nitrogen CEC cation exchange capacity LL (tree species) /LL total proportion of a leaf litter type to total leaf litterfall LL ash /LL totalIntroduction Tree species affect soils through many factors, such as the rates and distribution of nutrient and water inputs, outputs and cycling (Binkley and Giardina 1998) . While the relative influence of conifers, as compared to hardwoods, on soil biochemical properties has often been analyzed (Augusto et al. 2002; Berger et al. 2009a, b; Mareschal et al. 2010) , research on soil chemical variations under different broadleaved species is a younger and less advanced field. The main findings of studies analyzing soil properties under broadleaved tree species are that pH and base saturation are lower in the topsoil under mullmoderforming species (including beech) compared to mullforming tree species (including ash and lime ; Nordén 1994; Neirynck et al. 2000; Oostra et al. 2006) . Further, Oostra et al. (2006) and Vesterdal et al. (2008) found out that concentrations and stocks of organic carbon (C org ) and total nitrogen (N t ) in the forest floor were higher for beech than for ash and lime. (The latter was only analyzed by Vesterdal et al. 2008.) In the mineral soil it was vice versa.
Tree species influence soil chemical properties through differences in the quantity and chemistry of their leaf litterfall (Reich et al. 2005; Vesterdal et al. 2008; Guckland et al. 2009 ). In their review, Augusto et al. (2002) ranked tree species in the order of decreasing acidifying ability: conifers≥beech, oak and birch≥Norway maple, hornbeam, ash and lime. They described several ways by which species can acidify soils, including litter composition, deposition and root exudates. Data on the effects in mixed stands is especially scarce, and there is a need to clarify the relationships between composition of mixed stands and nutritional properties on a small spatial scale (for a review, see Rothe and Binkley 2001) .
Recently, Guckland et al. (2009) conducted a field study in a highly diverse broadleaved forest in Hainich National Park in central Germany using a plot design where different diverse 50×50 m stands were compared. They discovered significant differences in various soil properties between pure beech stands and mixed stands of mainly three (European beech (Fagus sylvatica L.), European ash (Fraxinus excelsior L.) and lime (Tilia cordata Mill. & Tilia platyphyllos Scop.)) or six tree species (in addition hornbeam (Carpinus betulus L.), Sycamore maple (Acer pseudoplatanus L.) and Norway maple (Acer platanoides L.)). Soil pH, base saturation and cation exchange capacity were found to rise with increasing species diversity and decreasing beech abundance. However, the clay content tended to be lower in beech stands, which could also have been an important factor influencing the above mentioned soil properties. Therefore, Guckland et al. (2009) could not fully differentiate between a possible effect of tree species mixture, a beech gradient effect or a clay content effect.
In this paper, we present the results of a study design, where the effects of European beech (Fagus sylvatica L.), European ash (Fraxinus excelsior L.) and Lime (Tilia platyphyllos Mill., Tilia cordata Scop.) on soil chemical properties and nutrient turnover were analyzed at two subsites of differing loess cover in Hainich National Park, the site where Guckland et al. (2009) conducted their research. It was designed as a follow-up to the study of Guckland et al. (2009) and aimed to answer the question they raised concerning whether they detected a beech gradient effect, and to detach clay content effects from tree species effects. In a small area of approximately 90×90 m and 250×120 m, respectively, tree triangles ("clusters") of three beeches, limes or ashes as well as mixed clusters of two of these species were chosen. With this approach we aimed to detect possible effects of tree species and tree species mixtures on forest soil chemistry, in a fully developed forest with a high diversity in broadleaved tree species. Due to the small scale approach, variations in the clay content, the loess cover or those induced by land use history were reduced to a minimum. We hypothesized that there were differences in soil properties underneath the different cluster variants that were induced by the quality of the leaf litterfall of the cluster trees.
Materials and methods

Study site
The study was conducted in Hainich National Park, which is located in central Germany in Thuringia. With up to 14 tree species per hectare, Hainich National Park belongs to one of the largest and most diverse broadleaved forests in Central Europe. The forest has existed for over 200 years and contains mature trees aged 100 to 200 years. In 1997, this area became National Park (Mölder et al. 2006) . Two subsites were chosen for analyses. They were located at the southeast of Hainich National Park close to a meteorological station (Meteomedia, station Weberstedt/Hainich; 51°06′N, 10°31′E) near the Thiemsburg. The mean annual temperature is 7.5°C, and the mean annual precipitation is 670 mm. The mean elevation of the sites is 350 m a.s.l. The forest grows on a Luvisol developed from loess underlain by Triassic Limestone. At some places, the profile showed stagnic properties. For a detailed site description, see Mölder et al. (2006) .
The two subsites differed in the thickness of loess cover. Subsite 1 ("TB 60") had a mean loess cover of 60 cm, ranging from 48 to 77 cm (Table 1) . The clay content (0-20 cm) averaged 25%. Subsite 2 ("TB 100") had a mean loess cover of 100 cm, ranging from 70 cm to more than 100 cm ( Table 1) . The clay content (0-20 cm) averaged 18%. Tree species under investigation appeared to grow in a random mixture with each other and there was no large grouping of ash and lime within TB 60 and TB 100.The size of TB 60 was approximately 250×120 m and that of TB 100 approximately 90×90 m. The distance between the centers of both subsites was around 565 m.
Selection of tree cluster areas
The impact of three tree species, i.e. European beech (Fagus sylvatica L.), European ash (Fraxinus excelsior L.) and lime (Tilia cordata Mill. or Tilia platyphyllos Scop.), and their mixtures on soil chemical properties was analyzed. These species were chosen because they are the most dominant tree species in Hainich National Park. Furthermore, results from former studies suggest that these three species differ in their effects on soil acidification and nutrient availability (e.g. Nordén 1994; Neirynck et al. 2000; Oostra et al. 2006) .
At both subsites TB 60 and TB 100, tree clusters, defined as three trees that were standing in a triangle to each other, were chosen for investigation (Fig. 1) . The trees had a mean distance from the cluster centre of 3.5 m, ranging from 2 to 5.5 m. All cluster trees were mature, having a mean diameter at breast height (DBH) of 31 cm (ash), 39 cm (beech) and 32 cm (lime). The three trees of one cluster had a similar DBH. The canopy in the forest stand was closed. At each site, three or more replicates of the following six cluster variants were selected: (1) pure beech, (2) pure ash, (3)pure lime (except at TB 100, because there were not enough pure lime clusters) or mixture of (4) beech and ash, (5) beech and lime and (6) lime and ash (Table 1 ). The number of beech clusters was higher because beech was the most abundant tree species at both sites and it was difficult to find adequate clusters containing ash and/or lime.
Litterfall sampling and preparation for analyses
Litter collectors with a diameter of 64 cm were installed at the center of each cluster between the soil Table 1 General soil physical properties and number of replicates of the cluster variants at the two study sites (TB 60 and TB 100); mean with standard deviation in brackets sampling places (Fig. 1) (Jacob, personal communication) . The litter samples were separated into fruit and leaves, and these were further divided into the cluster tree species and other dominant species. After separation, the samples were dried at 70°C for 4 days. The total litterfall (Mg ha −1 ) in 2008 was calculated for each cluster from the sum of the dry weight of all leaves and fruit from all four sampling dates. The samples from each date from one cluster were put together as one pooled sample, however still separated into fruit, leaf and species. These samples were ground in a mixer mill (RETSCH MM2, Haan, Germany). Fruit were shredded before grinding (FRITSCH pulverisette Type 15.302, Idar-Oberstein, Germany).
Forest floor sampling and preparation for analyses
According to the morpho-functional classification of humus forms by Zanella et al. (2011) , the forest floor was classified as mesomull (OL) under pure ash and pure lime clusters and as dysmull (OL+OF) under pure beech clusters. In mixed clusters the forest floor was either a mesomull or an oligomull (OL+discon-tinuous OF). The forest floor was sampled from the center of each cluster in June 2008 (Fig. 1) before the litter collectors were positioned. For collection, an iron cylinder with a diameter of 27.85 cm was placed onto the soil surface. The forest floor in this cylinder was then collected by hand. The samples were dried at 60°C until the weight remained constant. The dry samples were shredded and then ground to fine material in a mixer mill (RETSCH MM2, Haan, Germany).
Soil sampling and preparation for analyses
In May 2008, three soil samples (diameter of 6.4 cm; height of 20 cm) were taken at a distance of 50 cm from the center of each cluster area as shown in Fig. 1 .
Soil cores were cut into the depth increments of 0-10 cm and 10-20 cm. Big roots were removed before weighing the fresh soil material. The soil was then dried at 40°C, passed through a 2 mm sieve, and a sub-sample was ground in a planetary ball mill (RETSCH PM 4000, Haan, Germany).
Laboratory analyses
The following physical parameters of soil were determined: bulk density, gravimetric moisture (mass%) at sampling date, and particle size distribution. Soil bulk density was calculated from the mass of dry soil and the volume of the soil core collected in field. We proved the reliability of this approach by comparing results to those produced by the standard method of determining soil bulk density (taking undisturbed soil cores from a soilprofile pit). No difference was found between the results of the two methods. Particle size distribution was determined using the sieving and pipette method (Schlichting et al. 1995) .
The pH of the sieved mineral soil was measured in 1MKCl-solution (10 g soil and 25 ml KCl-solution). Exchangeable cations were extracted from sieved soil by 1MNH 4 Cl-solution (König 1996) and then measured by Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES, Kleve, Germany).
Effective cation exchange capacity (CEC) was calculated as the sum of exchangeable cations. Base saturation (BS%) is the proportion of the sum of base cations (Na + , K + , Ca 2+ and Mg 2+ ) to CEC in percent.
Total cation contents were analyzed after pressure digestion with concentrated nitric acid (Heinrichs and C org and N t were measured in ground material from the mineral soil, forest floor and litterfall by an automated C and N analyzer (Heraeus Elementar Vario EL, Hanau, Germany). All samples were free of carbonates.
Lignin content of leaf litter samples from mono species clusters at TB 60 was determined using the acetylbromide method (Brinkmann et al. 2002 modified after Morrison 1972 . Prior to the admixture of acetylbromide, the grounded samples were extracted using the procedure of Brinkmann et al. (2002) .
Statistical analyses
Statistica 8.0 (StatSoft, Inc., 2008) was used for statistical analyses. A two-factorial analysis of covariance with "site" and "cluster variant" (excluding lime clusters) as factors and clay content as co-variable was used to detect significant differences between variants. To detect the influence of lime clusters, a simple analysis of covariance was additionally done. The Scheffé-Test was used for post-hoc comparisons in cases of significance (p<0.05). When the residuals were not at least approximately normally distributed and/or the variances were not homogenous and correlated positively with the mean, a Box-Cox-transformation of the data was conducted in order to meet the above mentioned requirements. If no reasonable transformation was found, then the non-parametric Kruskal-Wallis-Anova followed by multiple comparisons (post-hoc) was used. (This test was used for base saturation and concentrations of Ca, Mg and Mn in leaf litter type).
Pearson Correlations were conducted to analyze the relationship between litter nutrients (Ca, Mg and Mn) and soil properties. Linear multiple regression analyses were used to detect variables influencing soil chemical properties. Four theoretically possible variables were examined: (1) the proportion of beech, (2) ash or (3) lime leaf litter to total leaf litterfall and (4) the clay content.
Results
Clay content of the mineral soil of the clusters
The clay content was higher at TB 60 (22% to 31%) than at TB 100 (16% to 19%; Table 1 ). The clay content did not differ between 0-10 cm and 10-20 cm soil depths. We found no relationship between the clay content and the cluster variants. Only at TB 60 in 10-20 cm, the clay content in beech clusters tended to be lower than in ash clusters (p<0.1).
Production and composition of leaf litter
In 2008, 3.6 to 5.3 Mg ha −1 of litterfall was produced at our study site. The production of litterfall did not differ between the two subsites or between variants. Nevertheless, litterfall tended to be lower in pure beech clusters than in ash-lime clusters (p<0.1).
The nutrient content of the leaf litterfall (calculated means over all clusters) in 2008 differed significantly between the species ( Table 2 ). The Ca and Mg contents were lowest in beech leaf litter and the Mg content was highest in ash leaf litter. Beech leaf litter showed lowest N concentrations and the highest C:N ratio and lignin:N ratio among the investigated species. Ash leaf litter showed the lowest Mn concentration among the investigated species. The composition of beech, ash and lime leaf litter was not influenced by the cluster species.
The variants differed in their composition of leaf litterfall in 2008. Beech leaf litter was present in all variants with 7.9% to 99.5% mass (dry matter). However, its contribution to total leaf litterfall decreased in the order pure beech clusters >mixed clusters with beech present >clusters without beech present. Ash and lime leaf litter did not exceed 63.9% (ash) and 44.4% (lime) in the respective single species clusters. In pure beech clusters almost no ash and lime leaf litter was present. The proportion of a leaf litter type to total leaf litterfall (LL (tree species) /LL total ) did not correlate with the clay content, except for the proportion of ash leaf litter to total leaf litterfall (LL ash /LL total ) at TB 60 in 10-20 cm depth (R 2 =0.23, p<0.05).
The C:N ratio in mixed litterfall collected varied significantly between pure ash clusters (34.4) and clusters with beech present (43.7 to 45.4; Table 2 ). Further, it varied significantly between ash-lime clusters (36.9) and pure beech clusters (45.4). The N content in litterfall of ash clusters was higher than of all clusters containing beech. Furthermore, it was higher in ash-lime than in beech clusters.
The concentration of Ca and Mg in mixed litterfall was lowest in beech clusters (16.6 and 1.5 mg g −1 , respectively; Table 2 ) and highest in clusters containing ash (19.3 to 20.0 and 2.0 to 2.2 mg g −1 , respectively). The concentration of Mn in litterfall was lowest in ash clusters (0.3 mg g −1 ) and highest in beech clusters (0.6 mg g −1 ). It was nega< tively correlated with the pH of the topsoil (0-10 cm) at both subsites (Fig. 2) .
Characterization of the forest floor
The forest floor dry mass (median) in June varied between 0.5 Mg ha −1 under pure ash clusters and 2.2 Mg ha −1 under beech and beech-lime clusters (Table 3 ). There was a tendency towards lower forest floor masses in pure ash clusters than in beech and beech-lime clusters (p<0.1). Stocks of C org were higher in pure beech clusters (0.42 Mg ha Table 3 ). The stock of N t in the forest floor was significantly lower in all clusters with ash present than in pure beech and beech-lime clusters and varied from 7.0 kg ha −1 in pure ash clusters to 16.2 kg ha −1 in pure beech clusters. The C:N ratio of the forest floor did not differ between the two subsites or between variants (Table 3) . Soil organic carbon and total nitrogen content in the mineral soil
In 0-10 cm soil depth, the stock of C org was significantly higher under pure ash clusters (37.1 Mg ha −1 ; not differ between the variants in 10-20 cm soil depth. The C:N ratio in the mineral soil was similar in all variants (Table 3) . Multiple regression analyses revealed that at TB 60, the stocks of C org and N t were strongly correlated with the clay content in both depths. In addition, in 0-10 cm LL ash /LL total contributed to the variability of C org (multiple R 2 =0.59) and N t stocks (multiple R 2 =0.72). At TB 100, where the variability of the clay content was low, LL ash /LL total was the most important variable explaining the variability of N t (multiple R 2 =0.56) and C org stocks (R 2 =0.24) in 0-10 cm depth. At the depth of 10-20 cm, the clay content was the only variable which correlated with stocks of C org (R 2 =0.39) and N t (R 2 =0.40).
Soil acidity and exchangeable cations
The soil pH and base saturation were higher under ash than beech clusters in 0-10 cm depth. There were no differences in the pH and base saturation between variants in 10-20 cm depth (Table 4) . The dominant exchangeable cation was Ca 2+ which contributed up to 91.5% in 0-10 cm and 93.5% in 10-20 cm to the CEC, respectively. Neither the proportion of Ca 2+ to the CEC nor the stock of exchangeable Ca 2+ differed between the variants (Table 4) . However, at TB 60, the latter tended to be higher in pure ash clusters than in clusters without ash (p<0.1). The stock of exchangeable Mg 2+ in 0-10 cm depth was higher in ash clusters than in beech clusters at both sites. Further, at TB 60, it was higher in ashlime clusters than in beech clusters. There were no differences between variants in 10-20 cm depth (Table 4) .
In 0-10 cm, the percentage of exchangeable Al 3+ was lower in pure ash clusters than in beech and beech-lime clusters (the latter only at TB 60, Table 4 ).
Further it also tended to be lower in pure ash clusters in the mineral soil (0-10 cm) correlated positively with the input of the respective cation with the litterfall (Fig. 3) .
Discussion
Effects related to the clay content
The results show that, even though clusters were chosen in two small areas (TB 60 and TB 100), the clay content in the upper 20 cm of the mineral soil varied considerably, in particular at the site with the thinner loess cover (TB 60, Table 1 ). The clay content did not differ between the cluster variants. However, at TB 60, the clay content in 10-20 cm depth tended to be slightly lower in beech clusters than in ash clusters. The uniform distribution of the clay content over the cluster variants, in particular at TB 100, provided a reasonable basis for our analysis of species related effects on small scale differences in soil chemical properties. We have not determined the variability of subsoil clay content and thus we cannot fully exclude that the distribution of ash and lime was influenced by subsoil properties. However, we assume that subsoil effects on species distribution are unlikely at our experimental sites because ash and lime were growing side by side with beech and root systems were overlapping. Multiple regression analyses revealed that in 10-20 cm depth, the clay content was the dominant variable causing variations in soil acidity and nutrient stocks at both subsites. This is in line with clay contents' general ability to affect CEC and exchangeable base cations (Guckland et al. 2009 ), soil acidity (Bredemeier et al. 1990 ) and organic matter storage (Lutzow et al. 2006 ).
In the upper 10 cm of the soil, the abundance of ash leaf litterfall and the clay content explained most of the variations in soil acidity and soil nutrient stocks at both subsites. The importance of ash leaf litterfall as an explaining variable increased with decreasing variation in the clay content, and it was the dominant control of small scale variability of soil acidity and nutrient stocks at our subsite TB 100. Covariance analyses revealed comparable results for both subsites concerning differences in soil properties between cluster variants (Table 4 ), indicating that we successfully disentangled the effect of the clay content and tree species on soil chemical properties.
Fuzziness of approach
Litterfall composition of mono-species clusters revealed that litterfall originated mainly but not exclusively from cluster trees. In particular, beech leaf litterfall from non-cluster trees was found in our litter traps.
The contribution of trees from outside the cluster to litter fall inside the clusters was expected, since it is well known that litter dispersal of different deciduous tree species in mature stands clearly exceeds the distance from our sampling point to the stems of the cluster trees. Results from studies on litter dispersal suggest that most of the leaf litter falls down within a distance of about 18 m from the stem (Ferrari and Sugita 1996; Rothe 1997; Staelens et al. 2004 ). However, this distance depends on several factors such as canopy structure, leaf size and wind velocity. Rothe et al. (2002) and Holzwarth et al. (2011) pointed out that soil samples of a given point in a mature deciduous forest are influenced by the tree species within a radius of about 10 m. Thus our results do not reflect conditions in mono-species stands, larger groups of single tree species or well defined mixtures of different species, but rather represent natural conditions in a highly diverse deciduous mixed forest. This implies the fuzziness of a heterogeneous mixture of different tree species, which reduces possible effects of tree species on soil properties Effects related to leaf litter composition Our results show that the distribution of ash induced small scale variations in soil chemical properties, such as soil acidity or nutrient stocks, in a beechdominated temperate mixed broadleaved forest. The influence of ash was most pronounced in the forest floor and in the topsoil (0-10 cm) and could be related to leaf litter composition. Nordén (1994) discovered partly contracting effects of tree species on base saturation in the topsoil compared to deeper horizons and reasoned that in the topsoil, leaf litterfall is the dominant control on soil acidity (higher pH value under lime trees than under beech or oak). Hansen et al. (2009) figured that the accumulation of C and nutrients in the forest floor are basically controlled by decomposition of litterfall. Our results agree with the general observations that effects of tree species on soil chemical properties appear mainly in the topsoil (Augusto et al. 2003; Hagen-Thorn et al. 2004; Guckland et al. 2009; Mareschal et al. 2010 ).
Nutrient contents in litterfall
We found clear species-specific differences in leaf litter composition of trees growing at the same site (Table 2 ). Such differences are considered to be intrinsic species-specific traits. In line with our results, several studies found lower quantities of base cations but a higher Mn content (in comparison to only ash litter) and a higher C:N ratio and lignin:N ratio in beech litterfall compared to ash and lime (Reich et al. 2005; Vesterdal et al. 2008; Jacob et al. 2009; Jacob et al. 2010) . Besides the tree species itself, other factors like tree age (Vesterdal et al. 2008) , soil fertility status (Sariyildiz and Anderson 2005) or annual variations ) may cause variations in litterfall chemistry of a single species. Meier et al. (2005) , who analyzed nutrient returns with litterfall in beech forests found intermediate variations in Ca and Mg return and large variations in Al and Mn return with litterfall across a soil fertility gradient. There was no evidence in our study that the observed small scale variation of the topsoil chemistry affected litter composition. The horizontal and vertical expansion of nutrient uptake by the root system is generally much larger than the observed differences in soil chemistry which are restricted to the upper 10 cm of the soil (Leuschner et al. 2004) . For the Hainich National Park, Meinen et al. (2009a) found that 63 to 77% of fine roots are concentrated in the upper 20 cm of mineral soil, but there were still fine roots in depths larger than 40 cm of mineral soil. However, root activity may differ from fine root biomass distribution and can be very variable and allows subsoil resource use (Lehmann 2003) .
Organic carbon and total nitrogen in mineral soil and forest floor
We found higher stocks of C org and N t in the forest floor under beech than under ash, but stocks of C org and N t in the mineral soil (0-10 cm) were smaller under beech and lime than under ash (Table 3) . The results point at a faster turnover rate of ash litterfall compared to beech litterfall resulting in a faster, more efficient nutrient return to the soil (Oostra et al. 2006; Vesterdal et al. 2008; Jacob et al. 2009 ). Carbon accumulation in the forest floor depends on several interacting factors: The most important are litter quality (i. e. the lignin content and the lignin:N ratio, compare Berg 2000; Inagaki et al. 2004) , soil fertility and activity of soil biota. The higher lignin and lower N content resulting in a higher lignin:N ratio of beech leaf litterfall, compared with ash and lime, results in a generally higher recalcitrance and slower rate of decomposition (Melillo et al. 1982; Finzi et al. 1998; Jacob et al. 2010) . Our results are in line with the conclusion of Guckland et al. (2009 ), Vesterdal et al. (2008 and Kooijman and Cammeraat (2010) that C accumulation in the forest floor of deciduous tree stands is largely determined by the abundance of beech litterfall. Vesterdal et al. (2008) observed that forest floor C org and N t stocks were related to C:N ratio of litterfall, which agrees with the findings in our study. Leuschner et al. (2006) analyzed the soil nutrient status in 50 European beech stands. They found that the stock of N in the forest floor was closely related to the content of exchangeable Al 3+ in the mineral soil, indicating that elevated Al 3+ contents negatively influence the activity of soil organisms due to Al toxicity and reduce decomposition and incorporation of organic matter into the mineral soil by bioturbation. This might additionally explain differences in stocks of N between our cluster variants because we found highest contents of exchangeable Al 3+ in the soils of pure beech clusters (Table 4 ). The C:N ratio of the organic layer did not reflect the higher N content of ash and lime leaf litterfall compared to beech (compare Tables 2 and 3) . We assume that this is a result of the sampling time in June, because ash and lime litterfall was already decomposed at this time and the sampled forest floor consisted mainly of beech litterfall.
Tree species effect on soil acidity and exchangeable cations
The mixture of different broadleaved tree species resulted in a spatial variability of topsoil chemistry (e.g. soil acidity, exchangeable base cations). Our results show that this variability was largely determined by the abundance of ash leaf litterfall, which had highest contents of Mg and Ca.
Our results agree with the conclusion of Neirynck et al. (2000) that the surface soil nutrient status is influenced by the ability of different tree species to improve or maintain soil productivity via nutrient uptake and redistribution. Augusto et al. (2002) summarized effects of tree species on soil fertility and concluded that the acidifying effect of beech and oak on soil pH was higher than for all other deciduous trees. The ability of tree species to reduce acidification and increase the nutrient availability in topsoils was mainly related to the Ca and Mg concentration in litterfall and the litter ash alkalinity (Noble and Randall 1999; Dijkstra 2003; Reich et al. 2005) .
Our results confirm the assumption of Guckland et al. (2009) of having detected a beech gradient effect on soil acidity and nutrient contents in Hainich National Park. However, the abundance of ash showed an even more profound influence on soil acidity than the abundance of beech. Our results indicate that the addition of ash leaf litter in beech dominated stands on loess over limestone reduced soil acidification and led to higher stocks of exchangeable macro nutrients such as Mg 2+ or Ca 2+ . A positive effect of ash on topsoil fertility was also observed in other studies (Neirynck et al. 2000; Hagen-Thorn et al. 2004; Oostra et al. 2006) . In some cases it was difficult to separate effects of tree species from effects induced by heterogeneity of the soil texture (Alriksson and Eriksson 1998; Guckland et al. 2009 ) or soil parent material (Augusto et al. 1998 ). We were able to separate these effects at least at TB 100 (i. e. effects of clay content and tree species) and the results show that the abundance of ash leaf litterfall significantly contributed to the variability in soil acidity and stocks of exchangeable base cations. This effect was restricted to the top 10 cm of mineral soil. The effect of tree species on the redistribution of Ca and Mg in the soil profile through nutrient uptake and litterfall and mineralization depend on soil properties such as the nutrient availability and buffer capacity at different soil depths (Noble and Randall 1999; Augusto et al. 2002; Meier et al. 2005 ). In our clusters, the biological pumping of base cations from the subsoil was of great importance, because loess has a rather low buffer capacity and thus tends to form strongly acid forest soils (Guckland et al. 2009 ). Guckland et al. (2009) supposed that the ameliorating effects through nutrient uptake from the deep soil layers, litterfall and mineralization differed between species and counteracted the accumulation of acid cations at the exchange complex. Thus, the replacement of exchangeable base cations was minimized (Guckland et al. 2009 ). The vertical extension of tree species effects on soil properties probably depends on soil texture and the related pH buffer capacity and CEC of soils e.g. Nordén (1994) found species related effects on soil acidity and exchangeable cations down to a depth of 70 cm on a sandy site with 2 to 3% clay.
We found no clear effect of lime on soil acidity and stocks of exchangeable nutrients (Table 4 ). In contrast, several studies detected higher pH values, base saturation and nutrient stocks in soils under lime than under beech (Nordén 1994; Neirynck et al. 2000; Hagen-Thorn et al. 2004) . Neirynck et al. (2000) and Hagen-Thorn et al. (2004) compared soil properties of adjacent plots of monospecific stands and therefore did not have any litter mixture of different tree species. In our study (i.e. tree species standing in mixture in a mature forest), the mixture of different litter types led to blurs, which are usual in natural conditions. We assume, that the effect of lime on soil properties might have been more pronounced in larger groups of lime, where the admixture of beech litterfall is smaller. However, additional studies are required to be able to capture and quantify the influence of tree species distribution on the variability of soil properties in different locations and, in a further step, to distinguish between general and site-specific species-induced influences on soil properties.
The Mn content in litterfall correlated negatively with the pH in the upper mineral soil at both subsites. This can be explained by the dissolution of Mn oxides with decreasing pH, which results in a greater bioavailability of Mn (Schachtschabel 1957) . Our results suggest that the higher Mn content in beech leaf litter than ash leaf litter was influenced by the stronger soil acidification under beech.
Overall, our results indicate that in a diverse stand the abundance and distribution of individual tree species accounted for the variation in soil chemical properties and the sum of these species make up the soil chemical properties of the whole forest stand. Jacob et al. (2009) came to the same conclusion concerning litter decomposition rates. Guckland et al. (2009) also suggested that they rather detected a beech gradient than a biodiversity effect as a cause of decreasing soil acidification and an increase of base cations in more diverse stands (one-species stands were all of beech).
Besides the influence of leaf litter quality on soil properties, tree species can alter soil properties through various factors. Among the most important are the capacity of tree species to intercept atmospheric deposition (Augusto et al. 2002; Talkner et al. 2010) , variations in the amount and distribution of throughfall (Augusto et al. 2002; Barbier et al. 2009 ), stemflow (Falkengren-Grerup 1989 Koch and Matzner 1993) , root growth (Lehmann 2003; Meinen et al. 2009 ) and spatial and temporal differences in water and nutrient uptake (Augusto et al. 2002; Bittner et al. 2010) . Stemflow of different tree species in the Hainich National Park was analyzed by Krämer and Hölscher (2009) and Talkner et al. (2010) . It was 2-6% of total precipitation (while throughfall was between 66 and 77% of total precipitation) and it was lower for ash and lime than for beech (Krämer and Hölscher 2009) . The results support the observation that stemflow of beech increases soil acidification near the trunk (Falkengren-Grerup 1989; Koch and Matzner 1993) . Since this acidifying effect is restricted to a small distance from the trunk (<1.5 to 2 m; Falkengren-Grerup 1989) it cannot explain the different soil acidity in the center of our tree clusters. Talkner et al. (2010) found that deposition of Ca and Mg via throughfall was lower and acid deposition was higher in pure beech stands than in mixed species stands in the Hainich National Park. This observation was explained by canopy processes which resulted in different canopy leaching rates of Ca and Mg. The results suggest that differences in canopy exchange processes and deposition between the studied tree species might additionally have influenced differences of soil chemical properties in our tree clusters.
Root distribution, composition of root litter and rhizosphere properties are further factors which may cause species specific effects on soil properties (Hinsinger et al. 2005; Calvaruso et al. 2011) . Meinen et al. (2009a Meinen et al. ( , 2009b determined total root biomass and root distribution of different tree species close to our cluster sites. They found no evidence of spatial root system segregation or elevated root biomass in multi-species sites. Fine root biomass of a single tree within the distance of 2 to 5 m (cluster radius) from the stem was approximately 400 to 600 gm −2 (0-40 cm depths) and did not differ between species. Meinen et al. (2009b) found a high degree of root system overlap in mixed stands. The change of fine root biomass with increasing stem distance suggest that fine roots in our soil samples originated mainly from the three cluster trees. Lang (2008) found that N and Mg contents of tree fine roots in the Hainich National Park were higher for ash than beech. These differences of root composition might have contributed to the observed effects of ash on soil chemical properties.
Conclusion
Our results show that the presence of ash in a speciesrich (although beech dominated) temperate forest on a luvisol of loess over limestone reduced soil acidification and enlarged the stocks of exchangeable base cations, organic carbon and total nitrogen in the topsoil (0-10 cm). The results on litterfall quality and distribution indicate that these changes of topsoil properties were caused, to a large extent, by differences in leaf litterfall chemistry. The distribution of ash resulted not only in above-ground diversity of stand structure but also caused distinct small scale belowground diversification of the soil habitat. The results from the different tree clusters show that small scale variability of soil chemical properties was not only driven by species mixture and identity but also by the spatial distribution of individual species (e. g. grouping of ash increases the range of variation of chemical soil properties). Thus, ash leaf litter not only reduced soil acidity and increased nutrient availability but also led to an increased diversity of the soil habitat in beech stands. The soil clay content was the primary factor which explained spatial variability of soil acidity, soil organic carbon content, and exchangeable base cations. The influence of ash on chemical topsoil properties was only dominant in stands with low variability of soil clay content. We found no influence of clay content or cluster species on the composition of beech, ash and lime leaf litter.
